Rat luteinizing hormone beta (Lhb) gene transcription is stimulated by hypothalamic gonadotropin-releasing hormone 1
INTRODUCTION
Pituitary gonadotrophs produce and secrete the glycoprotein hormones luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Each is composed of a unique b-subunit (Lhb and Fshb, respectively) and a common a-subunit. The bestcharacterized physiological signal regulating transcription of the subunit genes and secretion of the hormones is gonadotropinreleasing hormone 1 (GnRH1), which is secreted in pulses from the hypothalamus. In rats, GnRH1 pulses of once every 8-30 min preferentially stimulate transcription of the a-subunit (Cga), though only intermediate-frequency pulses of once every 30 min stimulate Lhb, and slower pulses of once every 120 min stimulate Fshb [1, 2] . In normal gonadotrophs, only Cga is modestly stimulated by continuous GnRH1 treatment [3] .
IGnRH1 receptor activation stimulates multiple signaling pathways, which differentially influence transcription of the gonadotropin subunit genes [4] [5] [6] [7] . A variety of promoters have been analyzed in heterologous and gonadotroph cell lines, as well as in rodent pituitary cells. In general, these findings implicate calcium influx, protein kinase C (PRKCC), and mitogen-activated protein kinase kinase (MAP2K1) as activators of Cga transcription [4, 5, 7] . In normal gonadotroph cells, Lhb gene transcription occurs primarily through activation of PRKCC and calcium, with less involvement of the MAP2K1 pathway [4, 5, 8] . We showed that calcium/calmodulin-dependent protein kinase type II (CAMK2) acts downstream of calcium to increase transcription of both Cga and Lhb, but the targets of CAMK2 have not been identified [9] . PRKCC activation of Lhb gene transcription occurs at least in part by stimulating protein levels of the immediate-early transcription factor EGR1 [10, 11] . EGR1 is one of several transcription factors interacting with the Lhb promoter. The proximal promoter region contains binding sites for steroidogenic factor-1 (NR5A1), EGR1, homeodomain transcription factors, and an AP-1-like binding site [12, 13] , and the distal region contains two SP1 sites and a CArG box [14] .
In addition to GnRH1, several other hormones modulate gonadotropin transcription, and the steroids in particular may influence both basal and GnRH1-stimulated gene expression. For example, estrogen stimulates rat Lhb gene transcription, whereas testosterone suppresses Cga and GnRH1-stimulated Lhb transcription [15] [16] [17] [18] . In contrast, both testosterone and activin stimulate basal and GnRH1-stimulated Fshb gene transcription, whereas inhibin suppresses Fshb [18] [19] [20] . In addition, some peptide hormones such as pituitary adenylyl cyclase-activating peptide (ADCYAP1, also known as PA-CAP) are present at high concentrations during the ovulatory surge, an opportune time to influence GnRH1 actions [21, 22] . As its name implies, one important action of ADCYAP1 is to increase intracellular cAMP levels. Previous studies suggested that increases in gonadotroph cAMP, due to either ADCYAP1 or pharmacological agents, stabilize the Lhb gene transcript and increase GnRH1 receptor (GnRH1-R) and EGR1 protein levels, all of which could increase Lhb mRNA [23] [24] [25] . GnRH1 acting through the GnRH1-R may also stimulate cAMP by coupling to the G-protein subunit GNAS (also known as Gas), thus activating adenylyl cyclase [26] . We investigated regulation of the endogenous and transfected Lhb promoter by cAMP and the influence of GnRH1 and steroids on these pathways. We used the mouse gonadotroph LbT2 cell line and normal mouse gonadotroph cells, two systems containing all the components required for in vivo Lhb gene transcription. These data show that cAMP signaling can work in conjunction with GnRH1 in gonadotrophs to enhance Lhb transcription via protein kinase A (PKA) activation and an NR5A1 site. Steroid treatment alone does not modify the cAMP response, but because ADCYAP1 secretion is stimulated during proestrus, it may promote further increases in Lhb transcription stimulated by pulsatile GnRH1 and contribute to the ensuing LH surge.
MATERIALS AND METHODS

Vectors and Constructs
The rat Lhb gene promoter from À617 to þ44 bp, the smaller À245 to þ44 region, and À411 to þ44/I77 of the Cga promoter were cloned into the promoterless LUCII expression vectors as described [14] . The À617 construct contains both upstream and downstream GnRH1-responsive elements, whereas the À245 construct contains only the downstream GnRH1 response element. Site-directed mutagenesis was performed using the QuikChange kit (Stratagene, La Jolla, CA) and the following primers in both the À617 and À245 Lhb luciferase constructs, with bold letters indicating mutated residues:
Expression constructs for the inhibitor of PKA (CMV-PKI) and mutated inhibitor (CMV-PKIm) were provided by Dr. Richard Day (University of Virginia, Charlottesville, VA) [27] .
Clonal Cell Lines and Transfection
LbT2 and aT3 cells were obtained from Dr. Pamela Mellon (University of California, San Diego, CA). Cells were maintained in Dulbecco modified Eagle medium (DMEM; Mediatech, Herndon, VA) containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. Approximately 5 3 10 5 cells were plated per 20-mm well and grown for 24 h in phenol-free DMEM/5% charcoal-stripped newborn calf serum before transfection with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Cells were transfected for 16 h with 0.75 lg of reporter DNA per well, washed in PBS, and treated with 1 lM forskolin (Fsk) or vehicle in media for 6 h. The inhibitors H89 (5 lM; PKA inhibitor; Sigma Chemical Co., St. Louis, MO) and PD098059 (PD; 50 lM; ERK inhibitor; Calbiochem, San Diego, CA), and BIM-1 (1 lM; PRKCC inhibitor; Sigma) were added to cells 30 min prior to Fsk treatment. The inhibitory peptide PKI or its inactive mutant, PKIm, or empty PUC19 parental vector (0.75 lg per well) were transfected with reporter construct. After treatment, cells were washed with PBS, collected in 150 ll lysis buffer (Promega, Madison, WI), and frozen overnight. Cell lysates were assayed for luciferase activity in a Turner 20e luminometer (Turner Designs, Mountain View, CA) using D-luciferin (ICN, Aurora, OH) and for total protein using the Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA). Results are expressed as Arbitrary Light Units (ALU) per 100 lg of protein or as a fold increase of the treated compared to untreated construct. Some experiments also used cotransfected CMV-b galactosidase enzyme activity for normalization. Experiments were analyzed using two-way ANOVA and Bonferroni post-hoc analysis.
Transgenic Mice
Mice expressing the À2.0 kb to þ41 bp rat Lhb promoter-luciferase transgene were previously described [28] . These mice express Lhb promoter activity specifically in the pituitary, and luciferase activity is regulated in vivo by gonadectomy, steroids, and a GnRH1 antagonist. Pituitaries from transgenic, randomly cycling female mice over 6 wk old or female animals at metestrus or protestrus were removed, and cultured cells were treated as previously described [4] . Reproductive cycle stage was determined by vaginal smears for at least two full cycles. Pituitary cells were treated for 6 h with 100 nM GnRH1, 100 nM thyrotropin-releasing hormone (TRH), 5 lM Fsk, 100 nM ADCYAP1, or treatments in combination. After treatment, cells were collected in lysis buffer, and luciferase activity and protein were measured. Each treatment was performed in a minimum of three independent experiments, with three to five animals per group. Statistical significance was assessed using multiple comparisons by Tukey significant-difference procedure. Use of the mice was approved by the University of Virginia Animal Use Committee and in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching.
Western Blots
Western blots were performed on LbT2 cell lysates collected in 2X gel loading buffer (100 mM Tris-HCL [pH 6.8], 4% SDS, 20% glycerol, 25 mM NaF, 1 mM Na 3 VO 4 ). Proteins were run on 10% SDS-acrylamide gels at 140 V for 1.5-2 h, then transferred to nitrocellulose membranes. Membranes were blocked in 5% nonfat dry milk in 20 mM Tris base, 137 mM NaCl, 3.8 mM HCL, and 0.1% Tween-20 for 1 h at room temperature then incubated with the primary antibody as follows: NR5A1 (Upstate, Lake Placid, NY) 1:1000, overnight, 48C; EGR1 (C-19 or 588; Santa Cruz Biotechnology, Santa Cruz, CA) 1:10 000, overnight, 48C; b-actin (Sigma) 1:50 000, 1 h at room temperature; RNF4 (Dr. J.J. Palvimo, Helsinki, Finland) 1:3000, overnight, 48C. After washing, the blots were incubated with either mouse (b-actin) or rabbit (EGR1, NR5A1, RNF4) secondary antibody (1:10 000) for 1 h. Protein was detected with SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). Films were analyzed by densitometry, and immunoreactive protein levels in each sample were normalized for b-actin on the same blot.
Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation (ChIP) assays were performed as described previously [29] . Cross-linked chromatin lysates were sonicated, diluted with sonication buffer plus protease inhibitors (0.2 mg/ml leupeptin and aprotinin, 20 mM PMSF), divided, and incubated at 48C overnight with no antibody or antibodies to EGR1 (8 lg) or NR5A1 (7.5 lg), then precipitated with protein A-agarose beads (Santa Cruz). The NR5A1 antibody has no cross-reactivity with LRH-1, as cited by the manufacturer and by our methods. Cross-linking was reversed by addition of NaCl (100 mM final concentration) band incubation at 658C for 3 h. Proteins were eluted from beads by incubation with 1% SDS, 0.1 M NaHCO 3 , and 0.01 mg/ml herring sperm DNA, then digested with Proteinase K. DNA was extracted with phenol-chloroform, and mouse Lhb promoter sequences were detected with primers that flank the sequence between À102 bp (forward-CTGTGTCTCGCCCCCAAAGAGATTA) and À1 bp (reverse-CCTGGCTTTATACCT-GCGGGGTT). DNA was quantitated by real-time PCR (iCycler; Bio-Rad) incorporating SYBR green, as previously described [30] . GAPDH and Lhb coding region primers were used as negative controls as in [31] (data not shown). For PCR quantification, previously described protocols were followed [28] , using a total of 40 cycles with continuous SYBR green monitoring. Cycle numbers were normalized using standard curves to control for differences in primer efficiency. Values derived from the standard curve were then each normalized to the 1% input sample for that treatment group. Each sample was twice subjected to real-time PCR in triplicate and from three independent immunoprecipitations. Figure 7A was analyzed using one-way ANOVA and Tukey post hoc test.
Primary Transcript Assay
Primary transcript assays were performed as previously described [32] . LbT2 cells were plated at a density of 2.5 3 10 6 cells per 40-mm well. Cells were treated for 60 min with 1 lM Fsk, 100 nM GnRH1, or both, then washed with PBS and collected using the Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA). Samples were then treated with 2 ll of DNase for 1 h at 378C (Roche Applied Sciences, Indianapolis, IN). After phenol-chloroform extraction, samples were subjected to reverse transcription using Bio-Rad iScript cDNA Synthesis Kit (Bio-Rad) and real-time PCR as described for the ChIP assays. Negative controls, in which reverse transcriptase was not added, were performed for each RNA sample; no DNA contamination was observed. Lhb primary transcript (PT) was measured by a forward primer crossing the first intron/exon border and a reverse primer located entirely within intron 1. The primers were as follows: forward primer-AGAG-GCTCCAGGTAA-GATGGTA; reverse primer-CCACTCAGTATAATACAGAAAC. Each sample was normalized to GAPDH and expressed as fold over vehicle treated cells.
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RESULTS
Stimulated Lhb Promoter Activity by cAMP and GnRH1 in Primary Pituitary Cells at Metestrus and Proestrus
To determine the effect of cAMP on rat Lhb gene transcription in gonadotrophs, we first examined Lhb promoter activity in cultured pituitary cells from randomly cycling female transgenic mice bearing a rat Lhb promoter-luciferase transgene, previously shown to exhibit physiologically regulated expression by GnRH1 and gonadal steroids [28] . Responses to both Fsk, a pharmacological agent that stimulates cAMP, and ADCYAP1, a hypothalamic peptide that increases cAMP levels in rat gonadotrophs, were tested. In pituitary cells from randomly cycling female rats, we found that GnRH1, but not TRH, stimulated the Lhb promoter-luciferase transgene (Fig. 1) . Similarly, treatment of cells with corticotrophin-releasing hormone or growth hormone-releasing hormone did not stimulate promoter activity (not shown). Fsk stimulated the Lhb promoter alone, and increased the GnRH1 response. ADCYAP1 stimulation of the transgene, alone or in combination with GnRH1, was almost identical to Fsk, suggesting that ADCYAP1 could contribute in vivo to stimulation of the Lhb gene promoter. Similar studies were then performed in pituitary cells from female rats in either metestrus or proestrus (Fig. 2) . Basal Lhb promoter activity was greater in pituitary cells from proestrus versus metestrus animals, but responses to Fsk were consistently stimulatory (approximately 2-to 2.5-fold). Comparable Fsk responses were also noted in pituitary cells from male mice (2-to 2.5-fold), with GnRH1 responses of approximately 2.0-fold (not shown). Similar and consistent 2.0-to 2.5-fold responses were observed with transfected Lhb promoter activity in primary pituitary cultures from male, proestrus female, and metestrus female rats (Fallest, unpublished results) . In contrast, GnRH1 stimulation of promoter activity varied with physiological state and was greatest in pituitary cells from proestrus (4.1-fold) versus metestrus (2.0-fold) mice. The stimulation from Fsk plus GnRH1 was also greater in cells from proestrus (7.6-fold) versus metestrus (4-fold) mice.
cAMP Stimulation of Lhb in LbT2 Cells Is Augmented by GnRH1, but Unaffected by Estrogen or Androgen
Because primary pituitary cells are a heterogeneous system with potential paracrine effects, we investigated cAMP responses in clonal LbT2 gonadotroph cells. These cells express GnRH1-R and receptors for estrogen and androgens and are the only clonal cell line able to synthesize and secrete CGA, LHB, and FSHB, thus providing the best available clonal gonadotroph model [33, 34] . LbT2 cells were transfected with the À617 Lhb rat luciferase reporter construct and treated for 6 h with 10 nM GnRH1, 100 nM Fsk, or the two in combination (Fig. 3A) . LbT2 cells responded more consistently to Fsk than to ADCYAP1; therefore, Fsk was used in all LbT2 experiments. Submaximal Fsk and GnRH1 treatments produced only a modest stimulation on their own, but together they had an additive effect on reporter activity. We also tested Fsk in combination with 10 nM 17b-estradiol (E 2 ) or 1 nM dihydrotestosterone (DHT; Fig. 3B ) and found that steroids did not influence stimulation by Fsk.
cAMP Stimulation of Lhb Transcription Requires PKA, but GnRH1 Stimulation Requires Both Protein Kinases A and C To identify signaling pathways downstream of cAMP and GnRH1, we tested pharmacological and peptide inhibitors including PKI, a peptide inhibitor of PKA. LbT2 cells were transfected with the À617 Lhb reporter and either the PKI expression plasmid, the mutant PKI (PKIm), or the parent vector PUC 19 (Fig. 4A) . After transfection, the cells were pretreated with either vehicle or inhibitors for 30 min followed by a 6-h Fsk (1 lM) treatment. Fsk stimulated À617 Lhb promoter activity 2.7-fold (Fig. 4A) ; this activity was inhibited by the PKA inhibitor H89 (1.4-fold) and partially inhibited by PKI (1.5-fold), but not its mutant, PKIm (2.6-fold; Fig. 4A ). Because cAMP can also stimulate the mitogen-activated protein kinases (MAPK1) Erk1 and 2, which then stimulate gene transcription [35] , we blocked the MAPK1 pathway with FIG. 1. Stimulated luciferase activity in pituitary cells from randomly cycling female mice bearing the Lhb promoter-luciferase transgene. Cells were treated with vehicle (Con), 100 nM GnRH1, 100 nM TRH, 5 lM Fsk, 100 nM pituitary ADCYAP1 (labeled PACAP), or treatments in combination. Each bar represents the mean 6 SEM for normalized luciferase activity from three to four independent experiments with 9-14 total samples per group. *P , 0.05; **P , 0.01 versus control; #P , 0.05 versus GnRH.
FIG. 2.
Lhb promoter-luciferase transgene activity in cultured pituitary cells from female mice at either protestrus (Female-Pro) or metestrus (Female-Met). Cells were treated with either vehicle (Con), 100 nM GnRH1, 5 lM Fsk, or both compounds. Each bar represents the mean 6 SEM for normalized luciferase activity from three independent experiments with 9-11 total samples per group. *P , 0.05 versus vehicle-treated controls (Con); #P , 0.05 versus Fsk and GnRH1 alone.
the MAP2K1 inhibitor PD098059 (50 lM). Basal activity of the promoter was stimulated 1.3-fold over vehicle by PD, and Fsk produced a 2.1-fold stimulation in the presence of PD. However, PD þ Fsk could still elicit a 2.7-fold stimulation of the promoter compared to vehicle-treated cells, suggesting little participation of the MAPK1 pathway in cAMP-mediated Lhb promoter stimulation. We and our collaborators previously showed that the MAPK1 pathway does not play a significant role in Lhb GnRH1-stimulated transcription in either normal or clonal gonadotrophs [4, 5] . In contrast, GnRH1 signaling clearly requires PRKCC signaling, as it is partially inhibited by bisindolylmaleimide I (BIM1; 1 lM); however, cAMP also plays a role in GnRH1-stimulated Lhb transcription, as both H89 and PKI also partially inhibit the GnRH1 effect (Fig. 4B) . The combination of H89 and BIM1 completely obliterates GnRH1 stimulation to 1.2-fold, and significantly suppresses basal activity of the promoter (not shown).
Fsk Stimulation of the Lhb Promoter Requires an NR5A1 Binding Site in the Proximal Response Region
The rat Lhb promoter contains proximal and distal GnRH1-responsive regions that cooperate for full stimulation by GnRH1 [13, 14] . We tested whether these same elements were required for cAMP stimulation. LbT2 cells were transfected with the À617 Lhb reporter, the truncated À245 Lhb reporter, or the À617 Lhb reporter with mutations in the proximal GnRH1 response region, and treated with vehicle or 1 lM Fsk (Fig. 5) . Deletion of the distal GnRH1-responsive region had no effect on Fsk stimulation (Fig. 5A) . Mutation of a putative AP-1 site, or either EGR1 site, significantly suppressed promoter activity, but did not diminish Fsk stimulation (2.4-to 3.4-fold; Fig. 5B ). In contrast, point mutations in either of the NR5A1 sites did not change promoter basal activity, but the 3 0 NR5A1 mutation significantly reduced Fsk stimulation. Mutation of both NR5A1 sites together or the 3 0 NR5A1 and 3 0 EGR1 sites together did not produce a larger suppression. These data suggest that Fsk is acting primarily through the 3 0 NR5A1 site on the proximal promoter region.
Stimulation of Endogenous Mouse Lhb mRNA Correlates with Transfection and Transgenic Mouse Pituitary Data
Analysis of PT with PCR primers spanning an intron/exon border measures unprocessed, newly transcribed mRNA, allowing us to assess changes in transcription of the endogenous Lhb gene. GnRH1 treatment maximally stimulated the PT after 60 min (not shown). At the time of maximum GnRH1 stimulation of Lhb PT, Fsk treatment resulted in a 1.9-fold increase in PT, and GnRH1 increased PT by 2-fold (Fig.  6 ). Combined treatment results in a 3.3-fold increase in Lhb PT. This is similar to the data generated using transient transfections and transgenic mouse assays (Figs. 2 and 3) . 
Transcription Factor Levels and Promoter Occupancy in Response to GnRH1 and Fsk
To further characterize the role of NR5A1 and EGR1 proteins in cAMP and GnRH1-stimulated Lhb promoter activity, we examined occupancy of the endogenous mouse Lhb promoter by NR5A1 and EGR1 in LbT2 cells by ChIP assays. NR5A1 and EGR1 binding sites are 100% conserved between the mouse and rat Lhb promoters, and the PT of the mouse Lhb gene responded to GnRH1 and FSK (Fig. 6 ) in a manner similar to the rat Lhb-luciferase reporter in transfection and transgenic mouse experiments (Figs. 2 and 3 ). LbT2 cells were treated for 60 min with vehicle, Fsk, GnRH1, or both, then cross-linked and immunoprecipitated with antibodies to either NR5A1 or EGR1 protein. As a control, identical experiments were performed in aT3 cells, a less differentiated mouse gonadotroph cell line that expresses CGA, EGR1, and NR5A1, but not LHB or FSHB [36] , and showed no occupancy of the Lhb gene by either EGR1 or NR5A1 (not shown). As a further control, primers directed at the Lhb coding region were also tested and showed no transcription factor occupancy (not shown). In LbT2 cells, treatment with Fsk, GnRH1, or the combination had no effect on NR5A1 occupancy of the Lhb promoter, although there was a trend toward greater occupancy after GnRH1 (Fig. 7A) . EGR1 occupancy increased after GnRH1 and GnRH1 plus Fsk treatment.
We also measured transcription factor protein levels in LbT2 cells after these treatments. There was a small increase in EGR1 protein after 1 h of Fsk treatment (1.3-fold); however, a much more robust stimulation of EGR1 is seen with GnRH1 treatment (Fig. 7B) . We previously showed that a coactivator, RNF4 (small nuclear RING finger protein or SNURF), occupies the Lhb promoter under basal conditions and binds to SP1 and NR5A1, but RNF4 protein expression is not induced by GnRH1 [27] . Although RNF4 has been reported to be stimulated by cAMP in the ovary [37] , we found little increase in RNF4 by Fsk in LbT2 cells (Fig. 7B) . NR5A1 protein levels were unchanged in all of the treatment groups.
DISCUSSION
Pulsatile GnRH1 is critical for the precise regulation of gonadotropin subunit gene expression [1] , but other hormones may also regulate the genes directly or modify the GnRH1 response. Recent studies suggest that cAMP has the potential to both stimulate the Lhb promoter and induce transcription factors important for GnRH1 stimulation [25, [38] [39] [40] . Others have shown that LHB protein levels are increased by both the PKC and cAMP signaling pathways [26] . Here we demonstrated in transgenic mouse pituitaries and immortalized clonal gonadotroph cells that cAMP acts at the level of the promoter and potentiates GnRH1 stimulation of Lhb transcription.
In our studies, Fsk and GnRH1 both stimulated the Lhb promoter in pituitary cells from transgenic mice expressing the Lhb-luciferase transgene. Treatments were at least additive, demonstrating that cAMP augments Lhb promoter activation by GnRH1 in the normal gonadotroph (Fig. 1) . The hypothalamic peptide ADCYAP1, which increases intracellular cAMP, also stimulated the transgene and increased the GnRH1 response. The cAMP response was comparable in pituitary cells from proestrus and metestrus females as well as male mice, but the GnRH1 response, and thus the overall stimulation from GnRH1 and cAMP, was greater in cells from proestrus mice (Fig. 2) . Thus, GnRH1 but not cAMP responses are dependent on physiological steroid status.
To address the direct actions of cAMP on gonadotrophs and avoid possible paracrine influences, we analyzed Lhb responses in the gonadotroph LbT2 cell line. As seen in Fig. 3A , the promoter is directly stimulated by GnRH1 or Fsk, and the combination of Fsk and GnRH1 is more stimulatory than either treatment alone. There is no influence of estrogen or androgen on Fsk stimulation (Fig. 3B) , comparable to results observed with female and male mice. This contrasts with the ability of E 2 to enhance GnRH1 responses (Fig. 2) [17] and androgens to modulate GnRH1 and ERK1/2 responses in gonadotrophs [15, 18, 41] . Fsk acts on the Lhb promoter through the PKA signaling pathway (Fig. 4A) , whereas GnRH1 acts through both PKA and PRKCC (Fig. 4B) .
ADCYAP1 may be a physiological link between cAMP and Lhb gene transcription, and both ADCYAP1 and cAMP increase Lhb promoter activity in pituitary cells (Fig. 2) . Like GnRH1, ADCYAP1 is released from the hypothalamus and binds to its pituitary receptor. However, ADCYAP1 is also produced in the pituitary, and intrapituitary ADCYAP1 levels are highest during the rodent LH surge [22] . We show that cAMP stimulated the Lhb promoter identically in pituitary cells from proestrus and metestrus mice (Fig. 2) . However, if ADCYAP1 is the physiologic stimulus for intracellular cAMP, elevated ADCYAP1 levels would only be seen during proestrus, the time of peak Lhb transcription. Importantly, we also show that the endogenous Lhb gene, as measured by primary mRNA transcript levels (Fig. 6) , responds to Fsk, GnRH1, and Fsk þ GnRH1 in agreement with our reporter assays, providing the first confirmation of Fsk stimulation of endogenous Lhb gene transcription.
We found that full activation of the Lhb promoter by cAMP was suppressed by mutation of a binding site for NR5A1, but not EGR1 (Fig. 5) . EGR1 mutations do, however, have dramatic impact on the basal activity of the promoter, and the synergy between NR5A1 and EGR1 binding sites on this gene has been well documented [11] . The importance of the NR5A1 site is in contrast to previously reported results in GH3 somatolactotroph cells that showed a requirement for EGR1 binding sites in the context of a short (À207 bp) promoter [25] . GH3 cells lack several important coactivators and transcription factors such as RNF4 [29] and NR5A1, and may express other relevant regulatory proteins with different stoichiometry from gonadotroph cells. In this heterologous system, introduction of NR5A1 plus Fsk increased Lhb reporter activity to a greater extent than either condition alone (Fig. 2) [25]; Horton et al. concluded that PKA acted alone and in synergy with NR5A1. Mutation of both EGR1 sites in a À207-bp promoter construct dramatically decreased the Fsk response, whereas the same mutations within a larger promoter, comparable to those described here, reduced Fsk stimulation by just 25%. Effects of EGR1 mutations may be amplified in a smaller promoter and with overexpressed NR5A1. Interestingly, in gonadotroph cells, both the Cga and GnRH1-R promoters also respond to cAMP and ADCYAP1 through NR5A1, and NR5A1 phosphorylation can be stimulated by ADCYAP1 [42, 43] .
Using LbT2 gonadotrophs, we investigated whether cAMP stimulated Lhb transcription by increasing expression of key transcription factors (Fig. 7B) . We did not detect substantial changes in EGR1 or NR5A1 with Fsk alone, or with Fsk plus GnRH1, compared to GnRH1 alone. Another way to enhance Lhb transcription is by increased occupancy of transcription factors on the Lhb promoter. We tested this possibility using ChIP analysis. However, Fsk did not increase either EGR-1 or NR5A1 occupancy of the endogenous mouse Lhb gene (Fig.  7A ). GnRH1, with and without Fsk, increased EGR1 binding to Lhb significantly, in agreement with a recent study [44] . NR5A2, a protein related to NR5A1 (or liver homolog-1, LRH-1), can also bind to NR5A1 sites, and overexpression of this protein activates the transfected Lhb promoter [45] . Interestingly, cAMP treatment results in NR5A2 displacement of NR5A1 binding to the a-inhibin promoter [46] . This is unlikely to occur for the Lhb gene, as the NR5A1 antibody used in our studies does not cross-react with NR5A2, and decreased binding of NR5A1 was not observed with Fsk or cAMP treatment (Fig. 7) .
Alternative explanations for cAMP-stimulated Lhb transcription might include PKA-stimulated protein modifications or protein-protein interactions. In LbT2 cells, EGR1, NR5A1, and a third transcription factor, Ptx1, appear to physically interact to stimulate maximal Lhb gene transcription [11] . NR5A1 is a potential target of PKA and ADCYAP1 [42, 43] , and both cAMP and MAPK1 alter the kinetics of NR5A1 binding to promoters, as well as its association with coactivators and co-repressors [47] [48] [49] . Such cAMP/PKAmediated modifications might also allow for a more stable interaction of the multiprotein NR5A1-EGR1-Ptx1 complex, which enhances transcription. The coactivator RNF4 also associates with NR5A1 and SP1 to stimulate Lhb transcription [29] ; Fsk could modify activity of this protein or another coactivator. Similarly, cAMP could augment general transcriptional mechanisms in gonadotrophs. For example, cAMP acting through PKA down-regulates histone deacetylase 8 (HDAC 8) activity in HeLa cells, leading to increased acetylated histones 3 and 4 and general increases in transcription [50] . HDAC 8 interacts with the Lhb gene, but not Fshb, in the aT3-1 gonadotroph cell line, and other HDAC proteins are also sensitive to GnRH1 signaling [51] . Thus, agents like Fsk and ADCYCAP1 may also regulate HDAC activity or DNA association to increase Lhb transcription.
Comparable reponses to cAMP in LbT2 cells and normal pituitary gonadotrophs allowed us to investigate the mechanism of cAMP action on Lhb transcription. We conclude that Fsk and GnRH1 cotreatment act separately through both the NR5A1 (cAMP) and EGR1 (GnRH1) binding sites to increase Lhb transcription through a PKA-dependent mechanism. PKA actions do not occur through altered transcription factor synthesis or occupancy of chromatin, but most likely occur through protein modifications leading to increased transcription factor association with coactivators and decreased association with co-repressors [42] [43] [44] [45] [46] [47] [48] [49] . General stimulation of transcription may also include PKA actions on histone acetylation or decreased HDAC activity [48, 49] . These actions can be coupled with GnRH1 stimulation of EGR1 expression and increased transcription factor occupancy of the Lhb promoter (Fig. 7) . These data suggest a scenario in vivo in which, during proestrus, ADCYAP1 promotes further increases in Lhb transcription stimulated by pulsatile GnRH1, contributing to the ensuing LH surge.
